The influence of river-catchment hydrological interactions on discharge patterns, lotic ecosystem size, and surface water chemistry were investigated in a glacial floodplain of the Swiss Alps (Val Roseg). Discharge, the extent and form of the stream network, specific conductance, and concentrations of major ions were measured periodically at multiple sites across the floodplain from August 1996 to January 1998. These data are used to (1) describe the seasonal cycle of contraction and expansion of the floodplain channel network and (2) identify hydrochemical tracers for detecting different sources and pathways of water. The seasonal changes in discharge, spatiotemporal patterns of channel length, and water chemistry within the floodplain are linked to the shifting dominance of different hydrologic reservoirs and flow paths within the catchment. During the expansion phase in spring, snowmelt is the main source of water for the entire floodplain, although it circulates via subsuface pathways on the catchment slopes before entering the floodplain. Peak discharge and maximum expansion of the channel network in summer are associated with the melting of the glaciers. Englacial water enters the floodplain mainly via surface flow paths and is distributed across the floodplain via surface connectivity and shallow groundwater pathways. During the contraction phase in autumn, seepage of subglacial water from the main channel is the primary water source for the upper floodplain. In the lower floodplain, surface flow is sustained by upwelling of deep alluvial and hillslope groundwaters. The relative contribution of deep groundwaters increases during winter, a phase of low discharge and maximum contraction of the channel network.
Introduction
Aquatic ecologists have long been aware of the crucial importance of catchment-stream connections in determining the hydrological, chemical, and biological features of freshwater ecosystems (Hynes, 1975; Townsend, 1996; Allan and Johnson, 1997) . Considering hydrological fluxes, the stream is no longer considered as a conduit for the downstream transport of overland and subsurface water from the catchment but as "part of the catchment's downvalley and downgradient transport of water and solutes" (Bencala, 1993) . This contrasting view emerged because research on the hyporheic zone showed that most streams continuously exchange water with underlying groundwater reservoirs that are integral parts of the catchment (Valett et al., 1996; Brunke and Gonser, 1997) .
Knowledge of catchment-stream interactions is a prerequisite for understanding the ecological functioning of floodplain river systems. However, these interactions are extremely complex because they involve multiple water sources and hydrologic routings (Jolly, 1996; Parch et al., 1996; Petts and Amoros, 1996) . Changes over space and time, in the contribution of different hydrologic reservoirs of the catchment, and the relative importance of flow paths were shown to affect the discharge and the size of different water bodies of lowland river floodplains (Roux, 1982; Forsberg et al., 1988; Heiler et al., 1995; Stanley et al., 1997) . This effect is expected to be even more pronounced in glacial floodplain rivers that are characterized by a distinct seasonal flow regime due to the melting of ice masses in summer (Milner and Petts, 1994) .
The objective of this paper is to examine the influence of river-catchment hydrological interactions on discharge patterns and lotic ecosystem size in a glacial floodplain of the Swiss Alps (Val Roseg). We hypothesized that (1) the seasonal flow regime would result in a predictable cycle of expansion and contraction of the stream network, and (2) variations in discharge and stream density would reflect a shift in the relative contribution of different hydrologic reservoirs and flow paths of water within the catchment. Discharge, the extent and form of the channel network, specific conductance, and the concentrations of major ions were measured at multiple sites across the glacial floodplain periodically from August 1996 to January 1998. First, we describe the seasonal cycle of contraction and expansion of the floodplain channel network. Second, we identify hydrochemical tracers for detecting different sources and pathways of water. Lastly, hydrochemical tracers are used to build up a conceptual model that relates seasonal changes in discharge, and spatio-temporal patterns of channel length within the floodplain, to the relative importance of different hydrologic reservoirs and flow paths of water operating within the catchment.
Study Site
The upper catchment of the Roseg River, a tributary of the River Inn, is located in the Berina Massif of the Swiss Alps (Fig. 1A) . Its area is 49.5 km2 with elevations ranging from 1990 to 4049 m a.s.l. (mean elevation: 2840 m). It receives an average of 1.6 m of precipitation each year, of which about half falls as 136 / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH snow (Spreafico et al., 1992) . Forty-two percent of the area is glaciated. The main glaciers (Tschierva: 6.2 km2; Roseg: 8.5 km2) have experienced a continuous retreat (ca. 1100 m) during the last 120 yr (Maisch, 1988 (Staub, 1946; Christ et al., 1964) .
The floodplain is 2.6 km long and covers an area of 0.67 km2 (Fig. 1B) . Morphologically, two sections are distinguished (Tockner et al., 1997) : a lower section (transects -2 to 7) ranging between 130 and 260 m in width, and an upper section (transects 7 to 14) that is up to 510 m wide. The upper section has a steeper slope (4.8%) than the lower section (1.9%). About 40% of the floodplain is composed of unstable gravels with sparse pioneer plants (dominant species: Epilobium fleischerii, Rumex scutatus, Trifolium repens). Several observations indicate that glaciofluvial deposits extend to a depth of at least 30 m. Preliminary investigations with ground penetrating radar indicated unconsolidated sediment to a depth of at least 30 m at transects 1, 5, and 11 (P. Huggenberger, unpublished data The floodplain contains a diverse array of aquatic habitats, dominated by seven distinct channel types (Tockner et al., 1997; Ward et al., 1999a) : the main channel (code M in Fig. 1B ), side channels (S), intermittently-connected channels (I), mixed channels (X), groundwater channels (G), springs (Q), and tributaries (T). Floodplain terraces (1-to 2-m high) harbor marshes fed by hillslope aquifers. Most meltwater from the glaciers along the sides of the valley disappears in the morainic and glaciofluvial deposits of the valley slopes. Therefore, all tributaries joining the floodplain, except T1 and T3, originate as groundwater fed streams at different elevations on the valley slopes.
The Roseg River is a 11.5-km-long second-order stream. Discharge is continuously recorded by the Swiss Hydrological Geological Survey 7.2 km downstream from the floodplain terminus. The hydrograph is typical of a glacial-melt dominated river, having a distinct seasonal flow regime and marked daily fluctuations in flow during the major ablation period. Mean annual discharge for the period 1955-1994 was 2.8 m3 s-~; mean discharge in 1996 and 1997 was 2.5 and 3.1 m3 s-1, respectively.
Materials and Methods

MAPPING OF THE CHANNEL NETWORK
The exact position, length, depth, and wetted width of individual channels, springs and marshes were measured in July 1996 along 17 transects (150-200 m apart) perpendicular to the longitudinal axis of the floodplain (Fig. 1B ). In addition, aerial photographs (color images and IR-images, spatial resoluti m) were taken on 3 September 1996 from a helicopter at above ground level. The field measurements and aerial graphs were combined to produce a detailed channel map study area. Subsequent changes in the channel pattern w corded during 15 field surveys carried out from August January 1998. Maps were digitized to calculate the total c length on each sampling date.
SURFACE WATER SAMPLING AT SELECTED SITES
Site selection was based on (1) obtaining samples from a the major channel types, and (2) having a network of sites di tributed all over the floodplain (Fig. 1B) . Because of season changes in the extent of the channel network, the number o sampling sites varied from 9 in winter to 33 in summer. Duri the ablation period, all samples were collected from 0600 h 0900 h in order to avoid changes in water chemistry associate with daily discharge fluctuations. Water was collected in 1 polyethylene bottles, filtered (Whatman GF/F filters; 0.7 !pm within 1 to 4 h, and stored for 1 to 3 d at 4?C prior to analys Specific conductance was measured in the field with a specifi conductance meter (WTW LF 323-B/Set; reference temperatu 20?C). The pH was also measured in the field (Orion model 230A pH meter) on a 40 ml aliquot of unfiltered water aft adjusting the ionic strength with pHix (Orion).
SNOW AND GROUNDWATER SAMPLING
From November 1996 to May 1997, the snowpack wa sampled by digging pits to ground level and collecting dep integrated snow samples (6 dates, n = 18) in a 3-L polyethyle bottle. The snow 10 cm above the ground surface was not sa pled to avoid possible contamination from soils or overland fl Because the snow/water equivalence of the samples was not termined, ion concentrations are reported as microequivalen per liter of snow-melt water (pieq L-1).
In July, August, and September 1997, groundwater samp were collected with a peristaltic pump from two PVC piezom eters that extended to a depth of 1.4 m below the water tab Piezometer GW2 was located at transect 7 in the middle of the floodplain, while piezometer GW5 was installed close to transect 1 in a meadow located on the right side of the floodplain (Fig.  1B ). On 28 February 1998, groundwater was collected from a 30-m-deep well (site GWH) at the Val Roseg Hotel. Water collected from these three sites is referred as shallow alluvial groundwater (site GW2), hillslope groundwater (site GW5) and deep alluvial groundwater (site GWH).
SAMPLE ANALYSIS
Calcium, magnesium, sodium, and potassium were an lyzed with an Inductively Coupled Plasma-Optical Emis Spectrometer (SPECTRO Analytical Instruments, Kleve, G many). Silica was determined by the heteropoly blue met (APHA, 1989) . Sulfate was determined spectrophotometric by the turbidimetric method (APHA, 1989) . Bicarbonate det mination was made by CO2 detection (Horiba IR-detector) a samples had been acidified and heated to 860?C. Ammonium was measured with the indophenol-blue method. Nitrite was measured by spectrophotometry after diazotizing with sulfanilamide and coupling with N-(l-naphthyl)-ethylenediamine (Rodier, 1996) . Nitrate was determined with the automated hydrazine reduction method (Downes, 1978) . The same method was F. MALARD ET AL. / 137 used to determine total dissolved nitrogen (TDN) after all nitrogen forms had been oxidized to nitrate with K2S208 at 121?C (Ebina et al., 1983) . Dissolved organic nitrogen (DON) was then calculated as the difference between TDN and inorganic forms of nitrogen (ammonium, nitrite, and nitrate). Dissolved oxygen was measured with the Winkler method.
Quality assurance of chemical analyses was based on a subset of 247 water samples. First, there was a strong linear correlation (y = 21.5 x + 1.84; r2 = 0.97) between the sum of charge equivalents (y in p.eq L-1) and specific conductance (x in xS cm-'). Second, the average charge balance error for these 247 water samples was ?4.3% (SD = 3; min. = 0; max. = 13.3). Third, we calculated the specific conductance of each water sample from the ion analyses utilizing the appropriate diluted-conductance factor for the various ions (Rodier, 1996) . The linear regression between the calculated specific conductance (y) and measured specific conductance was y = 1.02 x -2.02 (r2 = 0.97). Student's test indicated that the slope of the line was not statistically different from 1 and the elevation did not differ significantly from 0.
DATA ANALYSIS
One-way ANOVA followed by Tukey's multiple comparison test was used to compare differences in ion concentrations among dates for all sites combined. When necessary, data were Log (concentration) or Arcsine (molar ratio) transformed to meet the assumption of normality and homogeneity of variance. Differences between concentrations are considered significant when P < 0.05. For each sampling date, ion concentrations of the sampling sites were plotted directly on a floodplain map using circles, the surface area of which was proportional to the concentration (GraphMu software; Thioulouse, 1989) . To facilitate the reading of a map, circles were further differentiated by shading. Each shading pattern corresponds to an ion concentration range that was determined by a 4-mean clustering analysis performed on all water samples collected during the sampling period.
Results
SPATIO-TEMPORAL CHANGES IN THE TOTAL LENGTH
OF THE CHANNEL NETWORK
The channel network showed a distinct seasonal expansion/ contraction cycle (Fig. 2 ). Channel disappearance as indicated in Figure 2 was due to drying and not snow cover. The total length of active channels ranged from 5.9 km on 27 January 1998 (Q = 0.1 m3 s-1) to 21.4 km on 2 September 1997 (Q = 5.9 m3 s-l). Channel contraction was much more pronounced in the upper part of the floodplain (transects 7 to 14). On an annual basis, the maximum reduction in total channel length was 36% in the lower floodplain versus 92% in the upper floodplain. In this latter area, channel contraction did not follow a simple upstream/ downstream pattern (Fig. 2) . Two phases were apparent. In the first phase (2 Sept.-14 Dec. 1997), most side channels and the upstream ends of channels located between transects 8 and 11 lost all surface water. This phase was rapid and resulted in the surface disconnection between the channel networks of the upper and lower floodplains. During the second phase (14 Dec. 1997 -27 Jan. 1998 ) further reduction of the total channel length was due mainly to the progressive drying of the upstream part of the channel network (between transects 6 and 8). The expansion cycle (2 Feb.-7 June 1997) followed a similar pattern, the different phases being simply reversed in time (Fig. 2) .
The total channel length and mean specific conductance fo the floodplain (mean of all sites) were significantly correla with discharge ( Fig. 3A) . However, the relationship was typica not linear, the slope of the lines being much steeper for discha values below 1.5 m3 s-1, and the curves were not symme ( Fig. 3B ). Indeed, the slope of the regression line between s cific conductance and channel length was statistically differ from -1. This asymmetry was due only to differences in spec conductance that were measured during the expansion and c traction cycles. For a given discharge value, the total chan length during the expansion and contraction phases was simil but the average specific conductance was always higher dur the expansion phase.
PHYSICO-CHEMICAL CHARACTERISTICS OF SNOW-MELT WATER, GLACIAL WATER, AND GROUNDWATER
Snow-melt Water
The physico-chemical composition of different water sources is listed in Table 1 . While snow samples collected from November 1996 to February 1997 were extremely dilute (average specific conductance = 2.8 [LS cm-'; SD = 0.8; n = 12), those collected in March and April 1997 were enriched in Ca2+ and HCO3-and had a relatively high specific conductance (up to 14 pIS cm-') ( Table 1) . Snowpack samples at the end of the accumulation period had a high total nitrogen concentration (TDN) of 27 p.eq L-1 N, of which 11, 41, and 48% were NH4+, NO3and dissolved organic nitrogen (DON), respectively. The relative contribution of different nitrogen forms to TDN in surface water samples collected in April and May (n = 41) was markedly different from those measured in the snowpack. NO3-was the dominant species (87%) in surface water, DON represented only 12% of TDN and NH4+ was below detectable levels in most samples (<1 pieq L-1 N). Sulfate concentrations in the snow pack were highly variable, ranging from nondetectable levels to 40 Fpeq L-~. Sodium, potassium, and silica concentrations were in most cases below detectable levels.
Glacial Water
Glacial water collected at site M-l during the ablation period also had a low specific conductance (Table 1 ). Its chemical composition was characterized by high relative abundances of Ca2+ and HCO3-. Ca2+ concentrations in glacial water accounted for 86% of the cations and the SO42-/HCO3-ratio was distinctly lower than that measured in shallow alluvial groundwater (site GW2), and hillslope groundwater (site GW5).
Groundwater
Ion concentrations (except NO3-) were markedly higher in groundwater than in glacial water, but there were great differences in the chemical composition of the different types of groundwater. Ion concentrations, except nitrogen forms, increased in the following order: shallow alluvial groundwater (site GW2), hillslope groundwater (site GW5) and deep alluvial groundwater (site GWH). Dissolved oxygen showed a reverse trend. Reducing conditions in deep alluvial groundwater were indicated by the absence of oxygen, the lack of nitrate and a lower S042-concentration. The increase in concentrations among the different types of groundwater was not proportional for all ions. In particular, the Na+/Ca2+ ratio was markedly lower in shallow alluvial groundwater than in hillslope and deep al- ues in winter and low values during the ablation period. Average ion concentrations were inversely related to discharge. However, the best coefficients of determination (r2 = 0.58 to 0.87) were obtained with logarithmic regressions similar to that presented for specific conductance (Fig. 3A) . For similar discharge values, ion concentrations during the rising limb of the hydrograph were higher than those measured during the declining limb. For example, Ca2+ concentrations in April (832 ,ueq L-'; Q = 0.5 m3 s-1) and May (725 ,xeq L-1; Q = 1.5 m3 s-1) were higher than those measured in November 1996 (625 pxeq L-1; Q = 0.7 m3 s-l) and November 1997 (621 ,ieq L-l; Q = 0.7 m3 s-1).
Average concentrations of Na+ and SiO2 also exhibited a winter/summer shift. However, the standard deviation was al-.m 0 N p 0 u rn ways high, indicating that the spatial effect was more important than the temporal effect in explaining the variability of these parameters. Because of their high spatial heterogeneity, multiple comparison tests applied to average concentrations failed to detect significant differences among dates. Potassium concentrations also increased in winter; however, concentrations were below 10 ILeq L-for most of the sites and dates. Higher average concentrations in June, September, December, and January were mainly attributable to extremely high values (from 20 to 80 pleq L-1) measured at particular sites.
Nitrate was the only parameter that did not have a "winter high" versus "summer low" concentration cycle. Concentrations peaked in March, April, May, and June. During these 4 mo, the average NO3-concentration of surface water (25 to 29
ILeq L-1) was similar to the total nitrogen content of the snow- sites T1, T3, T4). The Ca2+ content of water was higher in groundwater channels located within (i.e. sites G2, G4) and outside the active floodplain (i.e. sites Gl, G5, G8), and in tributaries fed by groundwater (i.e. sites T2, T5). Differences in Ca2+ concentrations among sites were attenuated in November and a rather homogeneous pattern emerged in February, March, April, May, December, and January (Fig. 5 ). Spatial patterns in Ca2+ concentrations were virtually identical in April and December. On both dates, water at site M-1 was enriched in Ca2+ and concentrations were relatively uniform along the longitudinal dimension. Specific conductance, HCO3-, Mg2+, and to a lesser extent S042-all showed spatial patterns similar to calcium during the ablation period.
During the ablation period, SiO2 was distinctly higher at sites located in the floodplain margins (Fig. 6) . In contrast to Ca2+, SiO2 concentrations were high in all tributaries, including those fed by glaciers along the side of the valley (i.e. sites T1, T3, T4). Groundwater channels located in the active floodplain were not markedly enriched in SiO2 (i.e. sites G2, G4). Such a spatial pattern persisted over time although it was attenuated in winter due to an increase in the SiO2 concentration of water in the active floodplain. The spatial patterns in concentrations during the expansion and contraction phases differed markedly (Fig.  6) . During the expansion phase in April, SiO2 concentrations in the active floodplain were relatively uniform along the longitudinal dimension, whereas in December most of the sites located in the upper floodplain had lower concentrations than those located in the lower floodplain. Difference between the distribu- during the ablation period (from July to September 97) at sites M-1, GW2, and GW5, respectively (see Fig. 1B ). Deep alluvial groundwat February 1998 from a 30-m deep well (site GWH in Fig. 1B) .
b 18 samples were taken but only these 6 relate to the end of the snow accumulation period tional patterns of concentrations during the expansion and contraction phases also was observed for specific conductance, HCO3-, Mg2+, and Na+
Although there were significant temporal changes in the average NO3-content of floodplain water, concentrations were relatively uniform across space on most dates (Fig. 7) . Thus, in contrast to SiO2, a temporal effect was more important than a spatial effect in explaining the variability in NO3-
SPATIO-TEMPORAL CHANGES IN THE RELATIVE
ABUNDANCES OF IONS Figure 8A shows a plot of the molar ratio of Na+/Ca2+ versus the molar ratio of HCO3-/H4SiO4 for all surface water samples collected from March to January. In most cases, sites located on the floodplain margins had a higher Na+/Ca2+ ratio and a lower HCO3-/H4SiO4 ratio than those located in the active part of the floodplain (Fig. 8A) . The water sample from site GWH (deep alluvial groundwater) plots at the top of the cluster of data points. Such a spatial differentiation of sampling sites was observed despite great differences in the specific conductance among sites located on the floodplain margins. In July, water samples collected at sites G1, G5, T3, T4, and X5 had similar high Na+/Ca2+ ratios (0.17 to 0.22), but the specific conductance among these sites varied widely (24.8 to 91.8 RxS cm-l). Seasonal changes in the average Na+/Ca2+ ratio of sites located within and outside the active floodplain are indicated in Figure 8B . No significant difference was observed among dates for sites located on the floodplain margins. In contrast, the ratio at sites located within the active floodplain tended to increase from summer to winter. The average Na+/Ca2+ ratio on 2 September 1997 was significantly higher than those measured in February, March, and January. The increase in the Na+/Ca2+ ra-tio of surface water also was more pronounced in the downstream end of the floodplain (e.g. sites M12, S3, M15 and M20).
The average SO42-/HCO3-of sites also differed significantly among dates (Fig. 8C) . The relative abundance of S042to HCO3-decreased markedly towards the summer; this temporal trend being observed for sites located within and outside the active floodplain. The decrease in the SO42-/HCO-ratio was abrupt in spring (from April to June), whereas the increase was more gradual in autumn (27 Sept.-14 Dec.).
Discussion
EXPANSION AND CONTRACTION CYCLE OF THE
CHANNEL NETWORK
The expansion and contraction cycle of the channel network is controlled by seasonal changes in catchment discharge. However, there is a threshold value in discharge (i.e. 1.5 m3 s-1) above which the length of the stream network is less sensitive. Moreover, differences in the seasonal fluctuations of the total channel length between the upper and lower floodplain are not related to discharge but rather to surface water-groundwater exchanges. Along the longitudinal dimension, there is a net downwelling of surface water at the upper end of the floodplain and a net upwelling of groundwater at the downstream end (Ward et al., 1999a) . Such a downwelling-upwelling flow pattern is due to a combination of factors including a marked decrease in floodplain slope and narrowing of the valley at transect 7, a further narrowing downstream at transect -2, and a continuous decline in sediment size downvalley that may result in a decrease in permeability (Tockner et al., 1997) . (1995) Differences between the seasonal pattern of expansion and contraction in the upper and lower floodplains of the Val Roseg are more likely due to downstream changes in hydraulic connections between surface water and groundwater. In the lower floodplain, streams are hydraulically connected with groundwater through water-saturated sediments (Malard et al., in press) .
De Vries
In contrast, most channels behave as perched streams in the upper floodplain at least during autumn, because they have their bed surface above the groundwater table. Thus, drying occurs rapidly (Nov.-Dec.) when surface water flow is too low to compensate for water infiltration through unsaturated and highly permeable sediments. Further reduction in the lower floodplain channel network (Dec.-Jan.) is more gradual and follows an upstream/downstream pattern that closely corresponds to a progressive decline of the groundwater table. Downstream changes in the type of hydraulic connections between streams and alluvial groundwater have already been observed in floodplain systems of the Flathead River, Montana (Stanford and Ward, 1993) and Tagliamento River, Italy (Ward et al., 1999b) . This is likely to be a common hydraulic feature of montane and piedmont valley floodplains where steep gradient rivers enter flat areas consisting of extensive alluvium. In a 3-mo study of surface water distribution along a 12-km section of a desert stream, drying started in the center of the largest unconstrained section and progressed in both upstream and downstream directions, surface water flow finally being restricted to constrained sections (Stanley et al., 1997) .
PHYSICO-CHEMICAL FINGERPRINTS OF WATER
SOURCES AND FLOW PATHS
Specific Conductance and Solute Concentration
Specific conductance and concentrations of dissolved solids is related to the source and flow paths of water entering the floodplain. Dilute water (e.g. specific conductance <10 ILS cm-') is generated by the melting of snow and ice. Meltwater is then enriched in solutes as it comes into contact with rock materials of the catchment. There is only a limited increase in dissolved solids when flow occurs on the surface of the glacier (i.e. supraglacial water), in the channelized system of the glacier (i.e. englacial water), on the land surface (overland flow) and in surface channels (stream flow). In contrast, solute enrichment is promoted during flow of water in the distributed drainage system beneath the glacier (i.e. subglacial water) and within subsurface reservoirs of the catchment (e.g. shallow alluvial groundwater, hillslope groundwater, and deep alluvial groundwater).
The Na+lCa2+ and HCO3-IH4SiO4 Ratios A striking characteristic of surface water in the Val Roseg floodplain is its high relative concentration of Ca2+ over Na+ a K+ and its low relative content of SiO2 over HCO3-. The conten of base cations (Ca2+, Mg2+, Na+, K+), bicarbonate, and sili of water from silicate rocks is controlled by the stoichiometri alteration of primary minerals (i.e. plagioclase feldspars, biotit and K-feldspar) to well-defined secondary minerals (i.e. kaoli ite, smectite) (Garrels, 1967) . The alteration of plagioclase which is usually considered as the main source of Ca2+ and N in water from silicate rocks, should release Na+ and Ca2+ to solution in approximately the same ratio as they occur in th rock (equation 1). The same rationale can be applied to t weathering of biotite, that provides K+ and Mg2+ in solutio (equation 2).
Plagioclase (x = mole fraction of anorthite) Na(l_x)CaxAl(i+x)Si(3_x)08 + (1 + x)CO2 + 1/2(11 -5x)H20 (2)
An average Na+/Ca2+ ratio of 0.12 for surface water in the Val Roseg floodplain would imply that the plagioclase contains only about 10% albite and 90% anorthite. Although information on the mineralogical composition of the granite in the Val Roseg catchment is not available, this ratio of anorthite to albite is highly improbable; rather, there must be an additional source of the Ca2+. Anomalously low ratios of Na+ to Ca2+ in water from igneous rocks have been reported by several authors (Collins, 1979; Drever and Hurcombs, 1986; Mast et al., 1990; Charles, 1991; Chillrud et al., 1994) . In most of these cases, the dissolution of minor amount of calcite present in the bedrock was identified as the most plausible source of Ca2+ (equation 3).
CaCO3 + H20 + CO2 -> Ca2 + 2 HCO3-.
(3)
Assuming little variation in the composition of plagioclase, spatial heterogeneities in the ratios of Na+/Ca2+ and HCO3-/ H4SiO4 are likely to reflect differences in the selectivity of chemical weathering that occur under different hydrologic flow paths and residence times of the water (Stallard and Edmond, 1983) .
Rapid movement of surface water and shallow groundwater in freshly exposed rock materials deposited below the glaciers and within the floodplain may result in selective weathering that favours the preferential dissolution of calcite. In contrast, dissolution of silicate minerals would be enhanced during longer groundwater flow paths in the more weathered rock materials of the valley slopes and deep alluvial aquifers. Drever and Hur- Another striking characteristic of water in the Val Roseg floodplain is its high average concentration of SO42-(average = 147 ,Ieq L-1; SD = 94; n = 247). Atmospheric deposition alone cannot account for the SO42-content of surface water. showed that the weighted mean concentration of S042in high alpine snow packs (3000 to 4000 m a.s.l.) of the European Alps was usually below 15 pxeq L-'. Snow samples collected in the Val Roseg floodplain as well as ice and supraglacial water samples collected on the Tschierva glacier had SO42-concentrations ranging from nondetectable levels to 83 RIeq L-' (average = 24 Rxeq L-1; SD = 18; n = 37). Increasing SO42-concentrations during the winter strongly suggest that SO42-is in fact generated by weathering processes. There are two possible scenarios; either simple dissolution of evaporitic minerals such as gypsum (equation 4) or anhydrite, or oxidation of pyrite (equation 5) which can then act as a source of protons for weathering other minerals such as calcite. comb (1986), Stauffer (1990) , and Mast et al. (1990) also suggested that the selective weathering of carbonates in glaciated or recently deglaciated catchments occurred as a result of intensive mechanical erosion that exposed large amounts of fresh bedrock to precipitation. In the absence of intensive physical erosion, these authors postulated that calcite would be removed from the exposed rocks and should no longer be a major contributor to the dissolved load.
Cation exchange in soils is a rapid process compared to chemical weathering that may also result in an increase of the Na+/Ca2+ ratio (Drever, 1988; Stumm and Morgan, 1996) . Williams et al. (1993) observed that the molar ratio of Na+/Ca2+ increased 230% during the period of snowpack runoff in extremely dilute stream water. This increase was attributed to soil exchangers replacing the H+ in infiltrating snow-melt water with Na+. Many studies have also shown that water of low ionic strength may rapidly acquire substantial amounts of silica from soil (Kennedy, 1971; Zeman and Slaymaker, 1975; Brown and Lund, 1991) . In the Val Roseg floodplain, all the channels located on the floodplain margins, including those with low specific conductance, had a high Na+/Ca2+ ratio and a low HCO3-/ H4SiO4 ratio. This suggests that during spring and summer, soil contact may be a more important factor than the residence time of the water in the subsurface reservoirs of the catchment slopes.
CaSO4 2H20 -Ca2+S042-+ 2H20 source of SO42-in the Val Roseg catchment. Since simple dissolution of gypsum or anhydrite occurs at a faster rate than the acid hydrolysis of nonevaporitic minerals, sources of evaporites, if present in a glaciated catchment, should have a marked impact on the composition of glacial water (Tranter et al., 1993) . During the ablation period, the bulk meltwater from the Tschierva and Roseg glaciers had comparatively low S042-concentrations and high Ca2+ and HCO3-concentrations due to weathering of carbonate minerals (Table 1) . Pyrite oxidation rather than gypsum dissolution has already been reported as the most plausible source of SO42-in many catchments composed of igneous and metamorphic rocks (Raiswell and Thomas, 1984; Drever and Hurcomb, 1986; Chillrud et al., 1994; Wograth and Psenner, 1995) . Tranter and Raiswell (1991) and Tranter et al. (1993 Tranter et al. ( , 1996 showed that the mass fraction of SO42-[SO42-/ (SO42-+HCO3-)] in bulk meltwater from three different glaciers increased during the receding limb of the hydrograph. They concluded that pyrite oxidation was promoted by the slow transit of water in the distributed drainage system beneath the glacier, while solutes were acquired mainly by carbonation reactions during the rapid flow of water in the channelized system of the glacier. We also believe that the progressive increase in the SO42concentration and molar ratio of SO42-/HCO3-observed in the Val Roseg floodplain during autumn and winter result from longer contact time of subglacial and subsurface water with rock materials (Figs. 4, 8) . 01/27/98 
NO3-Concentration
As in many other mountain areas (Charles, 1991) , the seasonal patterns of NO3-concentrations in surface water strongly suggests that the snow is the main source of nitrogen in the Val Roseg catchment. In spring (4 Apr.-7 Jun.), many channels had higher than the total nitrogen concentration measured in the snowpack samples (i.e. 27 peq L-1 N). Although the source of the elevated NO3-concentrations in surface water is not yet clear it may be from (1) concentrations by evaporation and flushing of the ionic pulse in snowpack meltwater (Fountain, 1996; Kuhn and Nickus, 1997);  (2) leaching of NO3-that accumulates by mineralization and nitrification in the unfrozen soils over winter (Munson and Gherini, 1991; Peters et al., 1998) (Timperley et al., 1985; Williams and Melack, 1991; Nickus et al., 1997) .
A CONCEPTUAL MODEL FOR DESCRIBING SEASONAL
SHIFT IN WATER SOURCES AND FLOW PATHS
Seasonal changes in sources and flow paths of water in the Val Roseg floodplain may be portrayed as follows. Spring (April-June) is a period of increasing discharge and expansion of the channel network (Fig. 9A) . The persistence of high NO3concentrations, despite a major increase in the discharge, show that the snowmelt is the main source of water to the floodplain. In April and May the high specific conductance and concentrations of base cations in almost every channel of the floodplain indicate that there is little overland flow on the catchment slopes (Figs. 4, 5) , which is attributed to the presence of thick morainic and fluvioglacial deposits in the Val Roseg catchment. High NO3-concentrations in early June indicate that melting of the snow is still the main source of water but the distributional pattern of base cations and SiO2 show that there is a change in the hydrologic routing of snow-melt water (Figs 5, 7) . In contrast to the homogeneous spatial pattern observed in April and May, base cations concentrations in June were lower in the main channel and channels having an upstream surface connection with the main channel. Because melting of the snow pack occurs on the glaciers in June, snow-melt water has shorter contact time with rock materials and enters the floodplain via surface flow paths (sites M-1, T3, or T4 in Fig. 1B) .
Summer (July-mid-September) corresponds to a phase of high and relatively constant discharge that results in a maximum expansion of the channel network (Fig. 9B) . The Roseg and Tschierva glaciers are the main source of water, the bulk of which enters the floodplain via surface flow paths at site M-1. The beginning of the ice ablation period, as glacier ice is exposed by snowline recession, is characterized by the strong decline of NO3-concentrations of surface water in July and a further decrease in specific conductance, Ca2+ and HCO3-. At the Haut Glacier d'Arolla (Switzerland), NO3-and base cation concentrations were also higher in subglacial water fed by snowmelt than in englacial water fed by icemelt (Richards et al., 1996; Tranter et al., 1997) . The hydrological connectivity within the floodplain is maximum at this time either due to surface connections between channels or rapid lateral and longitudinal downwelling and upwelling of surface water (e.g. sites Q4, G3, G9, G4 in Fig. 5 ). Thus, surface flow paths and short subsurface flow paths are dominant, as indicated by the low SO42-/HCO3measured in most floodplain channels (Fig. 8C) . The chemical signature of hillslope aquifers (i.e. higher silica and sodium concentrations and higher Na+/Ca2+ ratio) is restricted to water bod- o Sites located at the margin of the floodplain (G , G3, G5, G8, G9, Q15, Q4, Q5, T1, T2, T3, T4, T5, X5) * Sites located within the floodplain (G2, G4, G6,I 1, 12.13, I6, M-l, M5, M10, M12, M15, M20, Sl, S2, S3, Xl, X2, X3) o All sites main channel into the floodplain sediments probably restricts the drainage of hillslope groundwater which upwells on the floodplain terraces and generates extensive marshy areas. Diversion of hillslope groundwater during periods of high water table was reported also by Burt and Haycock (1996) in a floodplain of the Cotswold Hills, England. Autumn (mid-September-December) is a period of decreasing discharge and contraction of the channel network (Fig. 9C) .
Despite a two-fold decrease in discharge in September (from 6 to 3 m3 s-) and a 22% reduction in the length of the upper channel network (from 14.1 to 11 kmn), specific conductance did not increase, indicating that the contribution of englacial water to the flow had not changed. Major changes in water chemistry and channel length occurred in November and December as discharge decreased from 3 to 0.5 m3 s-1. There was a strong contraction of the channel network in the upper floodplain (from 11 to 3.5 km) and a marked increase in specific conductance and concentrations of most ions. Differences in the concentrations of SiO2 between channels located in the upper and lower floodplains show that two different sources and pathways of water are operating (Fig. 6 ). Surface water entering the floodplain at site M-1 is composed mainly of subglacial water characterized by high SO42-/HCO3-ratio but low SiO2 concentration and Na+/ Ca2+ ratio. Seepage of main channel water is the primary water source of the channel network in the upper floodplain (Fig. 9C) .
In contrast, surface flow in the lower floodplain is also sustained by upwelling of deep alluvial and hillslope groundwaters, as indicating by the higher SiO2 concentration and Na+/Ca2+ ratio of surface water.
Winter (January-March) corresponds to a phase of constant and low discharge that results in a maximum contraction of the channel network (Fig. 9D ). Because surface water entering the floodplain at site M-1 disappears into the sediment, groundwater is the only water source of the channel network in the lower floodplain. During winter, a decrease in groundwater storage and the resulting decline in the water table induces a further reduction of the channel network. The high specific conductance, SiO2 concentrations and Na+/Ca2+ ratio measured in almost every channel of the floodplain suggest an increasing contribution of groundwater from deep alluvial and hillslope aquifers. Subsurface flow paths in these aquifers may be relatively long as indicated by the recent results of 3H groundwater dating (Beyerle, U., unpublished data). Groundwaters collected with an inertial pump in February 1998 at sites GW5 (hillslope aquifer) and GWH (deep alluvial aquifer) were 2 and 20 yr old, respectively. However, groundwater at site GW2 (shallow alluvial groundwater) was less than 80 d old (detection limit of 3H dating) and its chemical composition was similar to that of site M-1. Thus, although seepage of surface water from the main channel is not the main source of water to the floodplain, it still contributes to the flow of water in channels located in the upper floodplain. 
Conclusion
Our investigation highlights the complexity of hydrologic and geochemical processes that govern the solute composition of stream water in a glacial floodplain. Despite this complexity, we were able to develop a qualitative model that relates the seasonal changes in discharge, spatio-temporal patterns of channel length, and water chemistry within the floodplain to the relative importance of different hydrologic reservoirs and flow paths of water operating within the catchment. This conceptual model also accounts for interactions between the floodplain channel network and the alluvial aquifer. In winter, the floodplain channel network may be considered mainly as an alluvial groundwater drainage network but during the other seasons it also exchanges water between different hydrologic reservoirs of the catchment (e.g. from the glaciers to the alluvial aquifer).
Current research in the Val Roseg floodplain is determining the influence of seasonal shift in water sources and flow paths on biological attributes of this glacial ecosystem such as the diversity of periphytic, benthic, and hyporheic communities, primary productivity, and the processing of organic matter.
